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ABSTRACT

Nowadays, there is a lot of interest in the design of advanced nanomaterials in

the field of electrochemical aptasensors, which can improve analytical perfor-

mance. In this work, we have established a synthesis of gold nanostructures

supported on hollow carbon N-doped nanocapsules (Au@HNC) for the first

time. The TEM, Raman, TGA, FE-SEM, XRD, FT-IR, BET, and EDS mapping

were used to morphologically study and characterize the as-prepared Au@HNC

nanocapsules. The Au@HNC nanocapsules were used for the ultra-sensitive and

fast detection of Helicobacter pylori taking the virtues of good biocompatibility,

high electronic conductivity, and large specific surface area. We designed this

platform because one of the most well-known problems in the world is Heli-

cobacter pylori infection which causes dangerous stomach diseases. The linearity

and detection limit of the Aptamer/Au@HNC aptasensor were found to be

33 CFU mL-1 and 102 to107 CFU mL-1 for Helicobacter pylori, respectively.

Introduction

Recently, the electrochemical aptasensors have

received great attention because of their advantages,

including, low cost, simple method, and high sensi-

tivity and selectivity [1–3]. In fact, the function of

aptamer is combined with electrochemistry to detect

different target molecules. Aptamers, like antibodies,

have a strong desire for their targets [4]. Aptamer-

based sensors have been greatly applied due to their

easy chemical modification, stability, and finesse in

the fabrication of nanostructured devices [5]. In

recent years, the performance of aptasensors has been

enhanced by the incorporation of new nanomaterials

[6]. Heretofore, a large number of electrochemical

biosensors have been reported using nanomaterials

such as quantum dots [7], carbon nanotubes [8]

metals [9], metal oxides [10], graphene [11], and their
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derivated nanocomposites [12]. Among the new

nanomaterials, carbon nanostructures pave the way

for emerging technologies in the field of molecular

electronic devices and are widely used in analytical

electrochemistry [13, 14]. In addition, the rapid

development of nanotechnology has led to the

introduction of optimal diagnostic systems through

the design of biosensors [15]. In this regard, the

intelligent engineering of carbon composite nanos-

tructures—capable of binding specific binders—can

increase the practical challenges in aptasensor tech-

nology [16]. Among carbon nanostructures, hollow

nitrogen-doped carbon nanocapsules derived from

the iron oxide pattern can provide an excellent con-

ductive carbon layer for the intelligent engineering of

hollow nitrogen-doped carbon (HNC) nanocapsules

[17]. The HNC nanocapsules possess useful proper-

ties, such as electrical conductivity, large production

scale in biosensor development, strong adsorptive

ability, low cost, improved electrochemical applica-

tions by enabling novel designs in sensing, electron-

ics, and electrocatalysis. The HNC—as compared to

graphene and CNTs—has the advantages of high

electrical conductivity, small thickness, and large

surface area. To improve the function of aptasensors,

these HNC nanocapsules can enhance the loading of

biomolecules and increase sensitivity. Another factor

that can improve the performance of HCN is the

integration of HCN with metal nanoparticles, which

is usually necessary to enhance the biosensing

properties [18]. The metal nanoparticles also increase

electrochemical sensitivity. In addition, metal nano-

materials with very special surface are considered as

desirable materials, related to the analytical perfor-

mance of safety sensors [19]. Among all kinds of

metal nanoparticles, gold nanoparticles (AuNPs)

have been extensively used in fabrication of different

kinds of sensors due to their unique structure and

fascinating properties, such as high surface-to-vol-

ume ratio which facilities binding of biomolecules, as

well as direct and strong adsorption ability, good

biocompatibility, and conductivity. Impressively, Au,

which displays excellent biocompatibility and elec-

trical conductivity, is one of the most broadly adop-

ted nanomaterials [20]. In this sense, it is worth

mentioning that the combination of AuNPs with

HNC nanocapsules as a new electrode material

which can integrate the properties of these materials

for electrochemical sensing has not been reported.

Diagnosis of Helicobacter pylori (Hp) has become a

significant interest due to its ability to cause gastric

cancer. Over the past few years, the death rate from

gastric cancer has increased dramatically [21]. These

spiral-shaped, Gram-negative bacteria are micro-

aerophilic in nature and colonize the inner lining of

human stomach [22]. Quantitative standard methods

are available for detecting Hp through invasive and

noninvasive techniques. But, these methods are time-

consuming, costly, labor-intensive, involve time-

consuming sample preparation, and lack precision

[23]. To overcome these drawbacks, the electro-

chemical aptasensors have received a lot of attention

due to minimal limit of detection, cost-effectiveness,

high sensitivity, simple, and fast measurement.

Based on the told preface, herein, we designed a

novel necklace-like structure composed of Au@HNC

with excellent electron conductivity and a good bio-

compatibility. The HNC that is derived from the iron

oxide pattern can provide an excellent conductive

carbon layer for Au attachment. This method is

simple and no toxic organic solvent and special

apparatus is involved. Moreover, L-ascorbic acid

which is an important biomolecule can be employed

as an eco-friendly reducing agent. The Au@HNC

nanocapsule acts as an excellent substrate with high

surface for binding aptamer to the surface of a gold

electrode to detect Hp. This is the first report

on the rational design of hollow carbonaceous

materials hybridized AuNPs for the electrochemical

application.

Materials and methods

In this study, the Hp aptamer sequence (50-AGTGT

GCTCTTCTCAGGTCTCGGCGCGGTTGTGGGTAC

CTAGGGTTGTTGTTGCTTCTCAGCAGTGTCTCAG

CATACGCA-30) [24] was obtained from the Bioneer

Company (South Korea, http://www.bioneer.com).

The Hp and all other bacteria used in this study,

including Campylobacter jejuni, Campylobacter fetus,

Vibrio cholerae, and Staphylococcus aureus, were

obtained by the Department of Microbiology (Ilam

University, Iran). Dopamine, ascorbic acid, FeCl3-
6H2O, and NaOH were obtained from Merck or

Fluka. The phosphate buffer solution (PBS) and

HAucl4.9H2O were bought from Sigma-Aldrich. The

electrochemical impedance spectroscopy (EIS) and

cyclic voltammetry (CV) were achieved using
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l-AUTOLAB type I computer controlled Poten-

tiostat/Galvanostat (ECO-Chemie, Switzerland). The

morphological and composition analysis of the

Au@HNC nanocapsules was carried out using

transmission electron microscopy (TEM: PHILIPS

CM300), Brunauer–Emmett–Teller (BET; Bruker;

Model—Belsorp miniII), Fourier transform infrared

spectroscopy (FTIR; Bruker; Model-VERTEX 70), field

emission scanning electron microscopy (FE-

SEM; TSCAN, Czechia), and X-ray diffraction mea-

surements (XRD; PHILIPS, k = 1.54 Å).

The preparation of synthesized hollow
carbon N-doped nanocapsules

To prepare the Fe2O3 nanocapsules, the hydrother-

mal method was used. In this sense, we first stirred

100 mL solutions of 2.0 M iron (III) chloride in an oil

bath at 75 �C for 5 min and, then, slowly added

100 mL of 5.4 M sodium hydroxide solution. In

addition, it remained at the same temperature for

75 min, which was obtained as a result of Fe (OH)3
gel, placed in autoclave at 100 �C for 4 days. The

product was then centrifuged and dried in a 60 �C
oven, to be used in later steps. Afterward, 320 mg of

the Fe2O3 nanocapsules template was dissolved in

Tris-buffer solution. Subsequently, 160 mg of dopa-

mine was added and, then, it was stirred for 3 h. The

Fe2O3@PDA product was separated from the solvent

by centrifugation and, then, dried in an oven at 60 �C
to be used in the next step. Afterward, 160 mg of the

Fe2O3@PDA product was annealed at 500 �C for 3 h

in N2. The product was then used in 4 M

hydrochloric acid to remove the template. The hollow

carbon N-doped (CN) nanocapsules product was

separated from the solvent by centrifugation and,

then, dried in a 60 �C oven for later steps.

Preparation of Au@HNC nanocapsule

To prepare the Au@HNC nanocapsule, 43.06 mg of

CN nanocapsules was first dissolved in 20 mL of

water under intense steering and, then, 50 mmol L–1

(0.8 mL) of HAuCl4.XH2O was added. In the next

step, 1.00 mL of L-ascorbic acid was slowly added

dropwise to the mentioned solution, which was

placed at 70 �C for 2 h. After cooling to ambient

temperature, the precipitate was separated from the

solvent by centrifugation at 12000 rpm and, then,

placed in an oven to dry at 60 �C.

Preparation of the Bacteria

All bacteria were cultured in LB broth and, then,

incubated for 18 h at 37 �C. Bacteria used in this

article include Campylobacter jejuni, Campylobacter

fetus, Vibrio cholerae, Staphylococcus aureus, and Hp.

All bacterial dilutions were performed at PBS (pH

7.4).

Preparation of the biosensor

The gold electrode was first polished on 0.05 lm
alumina slurry and, then, cleaned by CV 10 cycles,

between - 0.4 and - 1.6 V, and 0.05 V s-1 in 0.5 M

NaOH. It was then polished again with alumina and

thoroughly washed ultrasonically in ultrapure water

and ethanol. In the final step of cleaning the elec-

trode, it was electrochemically polished 10 cycles

from - 0.3 to 1.7 V, 0.3 V s-1 in 1 M H2SO4.

In order to prepare the biosensor; first, 10 lL of

Au@HNC nanocapsule ink was injected on the sur-

face of the gold electrode. Subsequently, the

Au@HNC/Au was dried in the room temperature. In

the final step of biosensor preparation, 10 lL of

aptamer (2 lM) was injected on the surface of the

Au@HNC/Au for 24 h at 4 �C through stabilizing the

aptamer NH2 group to the Au in the nanocomposite.

The Aptamer/Au@HNC/Au was estimated with

different concentrations of Hp. The preparation of the

biosensor is shown in Fig. 1B.

Results and discussion

Surface characterization

The preparation method of Au@HNC nanocapsules

is schematically shown in Fig. 1A. The uniform Fe2O3

nanocapsules are easily prepared by a simple

hydrothermal method (Fig. 1A(a)). Afterward, the

collected Fe2O3 nanocapsules were uniformly coated

with the poly dopamine layer and, then, carbonized

under N2 atmosphere at 500� C to convert the poly

dopamine layer to the carbon N-doped layer

(Fig. 1A(b)). In the next step (Fig. 1A(c)), the Fe-oxide

core was completely and selectively removed by

etching in HCl acid. Consequently, HNC nanocap-

sules were obtained. In the final step, the Au

nanoparticles were formed on HNC nanocapsule to

obtain Au@HNC nanocapsule. The as-prepared
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materials at different stages are rigorously charac-

terized and analyzed using TEM, FESEM, EDX, MAP,

XRD, TGA, BET, FTIR, and Raman spectroscopy.

The FESEM was used in the preparation of

Au@HNC nanocapsule for the structural and mor-

phological studies. Highly uniform Fe2O3 nanocap-

sules are formed as the template through a simple

hydrothermal method Fig. 2a, b. As you can see in

Fig. 2c, d, the structure is preserved after the removal

of iron oxide and the average size of HNC

nanocapsules (about 650 nm) corresponds to the size

of Fe2O3 nanocapsule. The FESEM images of

Au@HNC nanocapsule (Fig. 2e, f) showed that the

structure of HNC nanocapsules has been maintained.

Moreover, the EDX elemental mapping images and

EDX spectra of the Au@HNC nanocapsule show the

presence and uniform distribution of the Au, N, and

C in Au@HNC nanocapsule (Fig. 3).

To better confirm the formation of AuNPs on

HNCs HNC nanocapsule, the TEM technique was

applied. As shown in Fig. 4a, the TEM image of HNC

nanocapsule clearly shows the hollow structure. The

TEM images of Au@HNC nanocapsule, which illus-

trate the presence of some black dots with an average

size of about 37 nm on the HNC nanocapsule, can be

related to the formation of AuNPs confirming the

synthesis of AuNPs on HNC nanocapsule Fig. 4b–d.

The XRD analysis was implemented to identify the

crystal structures of the Au@HNC nanocapsule. The

diffraction peaks of the Fe2O3 nanocapsules template

can be excellently matched to the rhombohedral

Fe2O3 (JCPDS 00-013-0534) with cell parameters of

a = 5.0310 Å, b = 5.0310 Å, and c = 13.7370 Å, con-

firming the successful preparation of Fe2O3

nanocapsules with high pure crystalline nature Fig. 5

a. The three diffraction peaks at 2h values of 39.16�,
44.69�, and 65.76� (Fig. 5b) are assigned to the (111),

(200), and (220) planes of pure Au (JCPDS 00-001-

1172), further proving the efficient formation of the

Au@HNC nanocapsule [25].

In addition, the pore size and surface area of the

Au@HNC nanocapsule were evaluated using the

pore size distribution diagram and N2 adsorption

and desorption isotherm (Fig. 1S). Besides, the BET

surface area is 64.46 m2 g–1 for the Au@HNC

nanocapsule, which is a high surface area for Au-

based carbon nanomaterials. A typical type IV plot

was observed for the Au@HNC nanocapsule, which

indicates the existence of mesopores in the Au@HNC

nanocapsule (Fig. 1S). Furthermore, the Au@HNC

nanocapsule pore size distribution confirms a pores

majority between 1 to 3 nm (Fig. 1S inset).

The Raman technique was used to further identify

the structures. Figure 6A.a shows the Raman spectra

Figure 1 Schematic representation of the preparation of

a Au@HNC nanocapsule and b the proposed Hp aptasensor.

Figure 2 The FESEM images of a, b Fe2O3 nanocapsule,

c, d N–C nanocapsule and e, f Au@HNC nanocapsule.

Figure 3 EDS spectrum and EDS map of element distribution in

the Au@HNC nanocapsule.
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of HNC (black curve) and Au@HNC nanocapsule

(red curve). The Raman pattern of HNC which is

matched with the Raman spectra of carbon-based

compounds shows the D band (* 1360 cm-1) and G

band (* 1570 cm-1) [26]. After the formation of Au

nanoparticles on HNC nanocapsule, an increase in

the ratios of ID/IG peak intensity of Au@HNC

nanocapsule (0.8) was observed compared with bare

HNC (0.75), illustrating an increase in the edge

defects due to the formation of Au nanoparticles.

Figure 2S. (A) indicates the TGA curves of (a) HNC

nanocapsule and (b) Au@HNC nanocapsule. The

TGA of Au@HNC nanocapsule was compared to

HNC. The HNC begins to decompose at about 380� C

and burned completely above 580 �C and the

remaining weight is almost zero percent. For the

Au@HNC nanocapsule, it was revealed that the

remaining twenty percent can be related to the

loading of Au NPs in the HNC structure.

The FTIR spectra of (a) Fe2O3 nanocapsule,

(b) HNC nanocapsule, and (c) Au@HNC nanocapsule

were studied. As shown in Fig. 6B (curve a), the

region between 450 and 600 cm-1 illustrated the Fe–

O stretching. After removing the Fe–O core and car-

bonization, the region between 450 and 600 cm-1

seems to have been disappeared and, instead, new

vibration peaks are appeared which can be regarded

as the characteristic of HNC nanocapsule

Fig. 6B(b) [27]. After the formation of Au nanoparti-

cles in the HNC nanocapsule, the peaks of Au@HNC

nanocapsule are shifted, as compared to the peaks of

HNC nanocapsule (Fig. 6B(c)) [28].

The cyclic voltammetry (CV) is one of the most

significant ways to find out if gold nanoparticles are

on the electrode surface, using an Ag/AgCl/sat., KCl

Figure 4 The TEM images of a HNC nanocapsule and

b–d Au@HNC nanocapsule.

Figure 5 The XRD patterns of the synthesized a Fe2O3

nanocapsule, b Au@HNC nanocapsule.

Figure 6 A The FTIR spectra of a Fe2O3 nanocapsule, b HNC

nanocapsule, and c Au@HNC nanocapsule. B The Raman spectra

of HNC (black curve) and Au@HNC nanocapsule (red curve).
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as reference electrode, platinum as counter electrode,

and glassy carbon modified with (a) HNC nanocap-

sule and (b) Au@HNC nanocapsule as working

electrode in sulfuric acid solution, and in the poten-

tial range between - 0.2 and 1.2 V. As can be seen in

Fig. 3S. CV of (b) Au@HNC nanocapsule as com-

pared to (a) HNC nanocapsule, the redox peak con-

firms that there is a gold nanoparticle on the

electrode surface [29].

Characterization and the electrochemical
behavior of the aptasensing of Hp

The unparalleled appealing of hollow and meso-

porous structure with superior composition can offer

the Au@HNC nanocapsule as a high-performance

electrode material for biosensing application. In this

sense, the performance of Hp /Aptamer/Au@HNC/

Au was evaluated by CV and EIS. The CV obtained

from different steps of electrode surface modification

in Fe(CN)6]
3- /[Fe(CN)6]

4- solution is shown in

Fig. 7A. According to this Fig. 7A (curve a), the

unmodified Au electrode shows the highest peak

current. In this regard after modifying the surface of

the electrode with Au@HNC nanocapsule, the peak

currents of the probe increased on the surface of

Au@HNC nanocapsule Fig. 7A (curve b). This might

be due to the fact that CN ligand in Fe (CN)6]
3-/[Fe

(CN)6]
4- can also coordinate with AuNPs, which

might reduce the electron-tunneling distance for Fe

(CN)6]
3-/[Fe (CN)6]

4-. Thus, the modification of the

Au electrode by Au@HNC actually improved the

electron transfer properties of the modified electrode

and, accordingly, the peak currents for Au electrode

modified Au@HNC electrode increased.

Subsequently, in the next step, after modifying the

surface of the electrode (Au@HNC/Au) immobilized

with aptamer on its surface, the oxidation and

reduction peak current became less than that of the

Au@HNC nanocapsule (curve c). This is due to the

fact that it was difficult to exchange electrons

between the Fe(CN)6]
3-/[Fe(CN)6]

4- and the modi-

fied electrode.

In the final step, by incubating the Hp, the peak

current decreased again (curve d). This phenomenon

is due to the analyte connection to the aptamer, by

which a barrier is created as a complex between the

Hp and the aptamer. Moreover, further blockage of

the surface and inhibition of electron transfer, by the

probe species and the electrode surface, are

witnessed.

The EIS was also applied to different steps of

electrode surface modification in Fe(CN)6]
3-/

[Fe(CN)6]
4- solution, as shown in (Fig. 7B). Accord-

ing to Fig. 7B (curve b), it can be seen that the Rct

curve (b) corresponds to the decreased substrate

Au@HNC nanocapsule as compared to the value of

the Rct curve (a) of the bare Au electrode, indicating

that Au@HNC nanocapsule covers the surface of the

electrode.

As shown in Fig. 7B, the Rct (curve c) for Apta-

mer/Au@HNC/Au increased as compared to the

Au@HNC nanocapsule/Au (curve b). This is due to

the stabilization of the aptamer on the substrate

through the binding of the aptamer NH2 group to the

nanocomposite. By attaching the aptamer to the

substrate, more space is created and electron transfer

between the electrode surface and the probe species

is reduced. The Rct (curve d), which is related to the

incubation of the Hp (102 CFU mL-1), is associated

with an increase in Rct as compared to the previous

curves, indicating the successful adsorption of the Hp

on the aptamer. As a result, according to Fig. 7, the

Figure 7 A Recorded CVs of the modified electrode after each

immobilization a Au electrode, b Au@HNC/Au, c Aptamer/

Au@HNC/Au, and d Hp/Aptamer/Au@HNC/Au. B Nyquist

curves for the different steps of the modified electrode: a–d are

the same as (A). CThe inset is the equivalent circuit and EIS

response of electrochemical aptasensor and calibration curve with

increasing Hp concentration is at 102, 103, 104, 105, 106, and

107 CFU mL-1 of the impedance aptasensor for detecting Hp.

All of them were recorded in a solution containing 5 mM

Fe(CN)6
3-/4- and 0.1 M KCl.
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CV and EIS confirm the correctness of the electrode

surface correction process.

Investigation of the Analytical application
of the Hp aptasensor

The relationship between Hp concentration and

electrochemical signals was studied to confirm the

analytical efficiency of the Aptamer/Au@HNC/Au

in the detection of Hp. In this study, the EIS tech-

nique was used, where Rct is the electron transfer

resistance, Zw is the Warburg impedance, Rs is the

soluble resistance, and Cdl is the dual-layer capaci-

tance (inner Fig. 7C).

To investigate the best time required for the inter-

action of Hp and aptamer as the bioreceptor, the time

was incubated with 106 CFU mL-1 Hp at different

times of 5, 10, 20, 30 min. According to the results in

Fig. 4S, no significant increase in aptasensor response

was observed after 20 min; therefore, an incubation

time of 20 min was selected. Afterward, different

concentrations of Hp were incubated on surface of

the Aptamer/Au@HNC/Au for 20 min (102, 103, 104,

105, 106, and 107 CFU mL-1). According to Fig. 7C,

while increasing the concentration of Hp, the Rct also

increased. As shown in Fig. 7C, the aptasensor shows

a linear range with the Hp concentration: the equa-

tion is as follows, y = 271.94 9 - 313.74 (R2 = 0.9899)

and the LOD is 33 CFU mL-1. These results are due

to the large area created by the hollow nanocapsule

structures and the presence of a gold layer for effec-

tive binding of the NH2 aptamer group and also

stabilization of the aptamer to the surface that con-

firms the performance of our proposed aptasensor.

The selectivity and reproducibility

To evaluate the aptasensor selectivity, the EIS was

studied in the presence of Campylobacter jejuni,

Campylobacter fetus, Vibrio cholerae, Staphylococcus

aureus, and Hp (Fig. 5S). As shown in the Figure, the

aptasensor is more selective to Hp than other bacte-

ria. In addition, to measure the reproducibility of the

aptasensor, Apt/Au@HNC /Au with a concentration

of 106 CFU mL-1 Hp in the same conditions was

studied by EIS method (Fig. 6S). The RSD for the

obtained values was calculated to be 2.28%, which

confirms the accuracy and repeatability of the

aptasensor.

Application of the aptasensor for Hp
detection in serum samples

The aptasensor evaluation for Hp detection in serum

samples was investigated by standard addition

methods. In this sense, 0.5 mL of serum sample was

added to 1.5 mL of water and three different con-

centrations of Hp (103 CFU mL-1, 105 CFU mL-1,

and 107 CFU mL-1) were added to the diluted serum

sample. Moreover, the EIS technique was used. As

can be seen in the table, the results of this experiment

are given Table 1.

Conclusion

In this work, a novel aptasensor substrate based on

gold nanostructures supported on hollow carbon

N-doped nanocapsules (Au@HNC) was fabricated

for the first time (Au@HNC). Herein, according to the

results, without using special apparatus and toxic

organic solvent, a novel method was employed as an

eco-friendly reducing agent. The aptasensor for Hp

was efficiently produced by Au@HNC nanocapsule

for their excellent characteristics such as large specific

surface area, excellent biocompatibility, suitable sub-

strate for aptamer fixation, abundant catalytic active

sites, and high selectivity and sensitivity for the Hp

target. Therefore, for the first time, this research

demonstrates the fabrication and use of hollow gold

nanofibers/carbon nanostructures for the field of

biosensor and also introduces the fabrication and use

of gold nanostructures supported on hollow carbon

N-doped nanocapsules (Au@HNC) for biosensing

field.

Table 1 Detection of Hp in

blood serum samples (n = 3) Sample Added value (CFU mL-1) Detected (CFU mL-1) Recovery (%) RSD (%)

1 103 1.120 9 103(± 0.06) 112.00 3.90

2 105 0.994 9 105(± 0.03) 99.40 2.80

3 107 0.998 9 107(± 0.02) 99.80 2.30
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